The genus Salmonella comprises two species, Salmonella enterica and Salmonella bongori (29) . S. enterica is further divided into six subspecies, S. enterica subsp. enterica (subspecies I), S. enterica subsp. salamae (subspecies II), S. enterica subsp. arizonae (subspecies IIIa), S. enterica subsp. diarizonae (subspecies IIIb), S. enterica subsp. houtenae (subspecies IV), and S. enterica subsp. indica (subspecies VI), which have been recognized on the basis of variation in biochemical characteristics and DNA-DNA hybridization results (9, 14, 19, 20, 21, 38) . The division of Salmonella into these seven groups has been confirmed by sequence analysis of housekeeping genes and invasion-associated protein genes (4) . Based on these results, an evolutionary model has been proposed, which separates predominantly diphasic flagellar expression serotypes from monophasic serotypes (3, 35) . Other investigations based on 23S rRNA sequence analyses (7) and amplified fragment length polymorphism (34) supported this model.
Salmonellae are important food-borne pathogens that are responsible for serious cases of food-borne illness. In subspecies I, which is responsible for 99% of the cases of human salmonellosis (41) , there are over 2,500 known serovars that differ in prevalence and the diseases that they cause in different hosts. S. bongori and S. enterica subsp. arizonae are typically associated with cold-blooded hosts, whereas the other subspecies are associated with warm-blooded hosts or both types of hosts.
Rapid and reliable identification of pathogenic microorganisms, including Salmonella, is important for surveillance, prevention, and control of food-borne diseases. The established methods for bacterial identification in clinical microbiology are often time-consuming and laborious. Identification of Salmonella subspecies by biochemical typing procedures requires long incubation times, and therefore there is a delay in final identification. These procedures require experience in interpretation and can be limited by subjectivity and low specificity. There is an increasing need for alternative procedures that allow rapid and reliable identification of microorganisms. In recent years, several reports have shown the feasibility of using matrix-assisted laser desorption ionization (MALDI)-time of flight (TOF) mass spectrometry (MS) to identify microorganisms (2, 8, 11, 12, 15, 16, 17, 18) . In whole-cell MALDI-TOF MS, characteristic "fingerprint" spectra are obtained from whole ("intact") cells without biomarker prefractionation, digestion, separation, or cleanup. The procedure is very fast, requires minimal amounts of biological material (subcolony amounts), is suitable for high-throughput routine analysis, and therefore has great potential for applications in clinical microbiology or environmental monitoring. The observed protein biomarkers are typically highly expressed proteins with housekeeping functions, such as ribosomal or nucleic acid-binding proteins (28, 30) , which are highly conserved in bacteria; therefore, the method can be universally applied. New applications have included detection of plasmid insertion in Escherichia coli (33) , differentiation between isogenic teicoplanin-susceptible and teicoplanin-resistant strains of methicillin-resistant Staphylococcus aureus (25) , and discrimination between wild-type and ampicillin-resistant E. coli strains (5) . While several studies demonstrated the applicability of this technique for bacterial species identification, few studies have examined its potential for discrimination at levels below the species level (1, 15, 22, 31, 32, 42) . The aim of the present investigation was to study the suitability of using whole-cell MALDI-TOF MS for differentiation of salmonellae at the species and subspecies levels. As a prerequisite, reproducible and highly informative MALDI-TOF-MS spectra were acquired under defined conditions for a collection of well-characterized strains belonging to different subspecies and serotypes isolated from diverse animals or food samples over several years. A MALDI-TOF MS protocol was developed which allows subspecies identification of Salmonella isolates in a few minutes using subcolony amounts of bacterial biomass grown on agar plates. Using sinapinic acid, high-quality mass spectra for a molecular mass range from 2,000 to 40,000 Da were obtained. Phylogenetic classification was based on MS bacterial typing using variations in mass data for multiple housekeeping proteins.
MATERIALS AND METHODS
Bacterial strains. A total of 126 strains representing all known S. enterica subspecies and S. bongori were selected (Table 1) . A detailed strain list is shown in Table S1 in the supplemental material. Epidemiologically unlinked strains belonging to various serotypes originating from different regions and herds in Germany were carefully selected from the strain collection of the National Salmonella Reference Laboratory. These strains were isolated between 2000 and 2008 from diverse animal and food samples. All of the strains were identified by biochemical assays (19) (20) (21) and serotyping using the Kauffmann-White scheme (14) .
Bacterial isolation and culture conditions. Standardized conditions were used for bacterial growth. Liquid cultures containing Luria-Bertani broth (Merck, Darmstadt, Germany) were inoculated and incubated overnight at 37°C. For routine measurements, Salmonella strains were streaked onto Mueller-Hinton agar plates (Oxoid, Greve, Denmark) and incubated at 37°C for 24 Ϯ 1 h, and single colonies were selected. In order to compare the effects of different growth conditions on the expression of protein biomarker ions, selected strains were also grown on Mueller-Hinton blood agar (Oxoid), Columbia agar (Merck), Columbia blood agar (Merck), Gassner agar (Merck), plate count agar (Merck), and sheep blood agar (Merck).
Preparation of samples for MALDI-TOF MS of whole bacterial cells. Individual colonies were removed from plates using a sterile pipette tip and applied directly as a thin film onto a 384-position MALDI sample target (Bruker Daltonics, Bremen, Germany). The samples were immediately mixed with 1 l of sinapinic acid obtained from Bruker Daltonics (Bremen, Germany) (25 mg/ml in 50% acetonitrile [Sigma-Aldrich]) supplemented with 0.6% trifluoroacetic acid (Roth, Germany). The matrix sample spots were crystallized by air drying. The other matrices tested included 2,5-dihydroxybenzoate and ␣-cyano-4-hydroxycinnamic acid (Bruker Daltonics, Bremen, Germany).
MALDI-TOF MS parameters. All mass spectra were acquired with an Ultraflex II MALDI-TOF/TOF mass spectrometer (Bruker Daltonics, Bremen, Germany) equipped with an all-solid-state smartbeam Nd:YAG laser and operated at 100 Hz in the positive linear mode (delay, 100 ns; voltage, 25 kV; molecular mass range, 2.2 to 40 kDa) under control of Flexcontrol software (version 3.0; Bruker Daltonics). Each spectrum was obtained by averaging up to 10,000 laser shots acquired at the minimum laser power necessary for ionization of the samples. The spectra were externally calibrated by using a standard calibration mixture (protein calibration standard I supplied by Bruker Daltonics).
Data evaluation. Reference spectra for a set of Salmonella strains belonging to the different S. enterica subspecies and S. bongori were analyzed at least in duplicate. Mass data files were transferred to the Flexanalysis software (version 3.0; Bruker Daltonics) and processed with baseline correction, Gaussian smoothing, and peak finding. Average mass values were determined. Spectra were internally calibrated using a set of ribosomal biomarker proteins common to all Salmonella spp. For the initial data evaluation, spectra were imported into the BioNumerics 5.1 software (Applied Maths, Belgium) for visualization in gel view representation and calculation of dendrograms. For phylogenetic classification the profiles of biomarkers (with a binary table extracted from Table S2 in the supplemental material) were processed with BioNumerics 5.1 using the simple matching similarity coefficient, and dendrograms were constructed using complete linkage. Peak lists were imported into the SARAMIS software (Spectral Archiving and Microbial Identification System, release 3.36; Anagnostec GmbH, Germany). In the first step, consensus spectra, called superspectra, were calculated for each of the six S. enterica subspecies and S. bongori using multiple measurements for strains belonging to the different taxa. These spectra consisted of sets of biomarker ions that were specific at the different taxonomic levels and were present in Ͼ95% of the strains. In the second step, the superspectra were compared to identify peaks that were present in all superspectra (category I), were present in only S. bongori superspectra or in all S. enterica subspecies superspectra (category II), or were present in the superspectra for only one of the subspecies (category III). The remaining peaks were designated category IV mass peaks. Using the SARAMIS software, a point system for each superspectrum was created based on peak lists with mass signals weighted according to their specificity. Using this approach, highly specific biomarkers were upweighted in the identification routine, while nonspecific, variable, and low-intensity peaks were downweighted or ignored in the identification process. Automated computer-aided identification was performed by comparing peak lists for individual samples, including samples of Salmonella subspecies whose genomes have not been sequenced, with the established reference database of superspectra, generating a ranked list of matching spectra. Identification of biomarker proteins based on database searches. The m/z peaks obtained were subjected to an online TagIdent protein database search (13) . An unrestricted search with pI values was performed. Theoretical masses of protein sequences were calculated using the PeptideMass tool (13) . The BLAST servers at www.sanger.ac.uk and www.expasy.ch were used for protein-versustranslated DNA BLAST searches for strains of S. bongori, S. enterica subsp. enterica, and S. enterica subsp. arizonae whose genomes have been sequenced.
RESULTS
Optimization of experimental parameters. Species can be readily identified using whole-cell MALDI-TOF MS by detecting a limited number of specific biomarker peaks. Typically, 5 to 10 peaks in the molecular mass range from 2,000 to 11,000 Da are sufficient to discriminate bacteria at the species level. Different protocols are available for sample preparation, the matrix used, and measurement parameters. Our initial experiments showed that for identification at levels below the species level the requirements related to information content, reproducibility, mass accuracy, and quality of spectra are significantly greater than the requirements for routine species identification by whole-cell MALDI-TOF MS. In order to establish a standardized analytical protocol, several experimental, sample preparation, and MS parameters that can affect the reproducibility and accuracy of data were evaluated. These parameters included the type and concentration of matrix, the sample preparation procedure, the matrix solvent mixture, the concentration of acid added to the matrix, and the growth medium, as well as measurement parameters such as the laser energy and the number of shots summarized. Our aim was to determine the simplest procedure that has the potential for automation and that results in MS data with high information content (large number of peaks) and a balanced number of peaks in the low-molecular-mass and especially high-molecular-mass (Ͼ13,000 Da) regions. Previous suspension of cells in water or solvent mixtures did not result in an improvement compared to the direct application of cells to the MALDI target. Different matrices were tested, including 2,5-dihydroxybenzoic acid, ␣-cyano-4-hydroxycinnamic acid, and sinapinic acid. The use of 2,5-dihydroxybenzoic acid resulted in many fewer peaks, especially in the higher-molecular-mass range, and was less suitable for automated measurements due to the heterogeneous crystallization of this compound. ␣-Cyano-4-hydroxycinnamic acid produced very homogeneous crystal layers, but the spectra were much less informative, especially in the higher-molecular-mass range, than the spectra obtained with sinapinic acid, which was chosen for further experiments. Various concentrations of sinapinic acid were tested. As a general rule, higher concentrations favored the detection of higher-molecular-mass protein peaks but resulted in decreased peak intensities for low-molecular-mass peaks (data not shown). As a result of the optimization process, the overall number of biomarker peaks (Ͼ300) and especially the information for the higher-molecular-mass range (Ͼ10,000 to 40,000 Da), which includes important discriminative information due to the higher probability of mutations occurring in larger proteins, were significantly increased, thereby increasing the probability of detecting discriminative biomarkers for differentiation of closely related bacteria, such as Salmonella subspecies (see the sample spectrum in Fig. S3 in the supplemental material).
The influence of growth conditions on the MALDI-TOF MS patterns of different Salmonella subspecies was analyzed by subculturing strains on several different media. Very similar patterns were generated, but slight variations in the expression of proteins were observed, which resulted in medium-dependent clustering of MALDI-TOF data from multiple analyses of strains ( Fig. 1) . However, the expression of genus-, species-, and subspecies-identifying biomarker ions was found to be largely stable under different conditions. The overall quality of spectra produced after cultivation on Gassner agar was reduced, and the peaks were less intense. Blood-containing media have the disadvantage that the profiles can be contaminated by blood-related proteins (e.g., m/z 15,048 and m/z 16,075 together with their doubly charged variants). Therefore, Mueller-Hinton agar was chosen as the standard medium for routine analysis.
Data evaluation and assignment of biomarker peaks to known proteins. A total of 254 spectra for 126 strains of S. enterica and S. bongori and one E. coli strain were analyzed. Figure 2 shows an overlay of mass spectra for S. bongori and S. enterica subspecies in the molecular mass range from 13,230 to 15,270 Da. The spectra display high overall levels of similarity, but slight mass shifts of peaks in the protein profiles of different Salmonella species and subspecies were detected. The SARAMIS software was used to identify biomarker peaks and to assign them to one of the following categories: biomarkers that were specific for the genus (or a higher-level taxon) (category I), biomarkers that were species specific for either S. enterica or S. bongori (category II), biomarkers that were subspecies specific (category III), or biomarkers that were not genus specific or were specific for more than one species or subspecies but were reproducibly present in all strains of the species or subspecies analyzed (category IV). All other peaks that were variable within a taxonomic group (e.g., peaks that were potentially strain specific or serovar specific or displayed variable expression) were eliminated from the analysis at this point. A discussion of the discriminative potential of MALDI-TOF MS at levels below the subspecies level will be presented elsewhere. Using the Tagident tool (www.expasy.ch) and translated DNA BLAST searches of genome sequence information available for S. bongori, S. enterica subsp. arizonae, and several S. enterica subsp. enterica serovars, many of the observed biomarker ions could be tentatively assigned. Mass values for well-resolved peaks observed in spectra of different strains were matched to the same protein species within a mass tolerance window of Ϯ1 Da in the molecular mass range from 2,000 to 20,000 Da. Larger and low-intensity protein peaks were tentatively assigned by using a larger mass tolerance window (Ϯ5 Da). identified biomarker ions, is shown in Table S2 in the supplemental material. Most of the peaks detected corresponded to ribosomal proteins of the large (505) and small (305) subunits. Information for methionine loss or posttranslational modifications like methylation, acetylation, and ␤-methylthiolation that are known to occur in E. coli was accounted for in the peak assignments (2, 43) . Most known ribosomal proteins of the large and small subunits in the molecular mass range from 2,000 to 20,000 could be tentatively assigned; the exceptions were ribosomal proteins L6 and L9. Protein peaks of ribosomal proteins L1 to L5 and S2 to S4 with molecular masses greater than 20,000 Da were present at lower intensities and were not used during the routine identification process. In addition, the identities of several proteins other than ribosomal proteins were proposed on the basis of the observed MALDI-TOF masses; these proteins included ribosome-associated inhibitor A, an RNA chaperone, a ribosome modulation factor, a carbon storage regulator, the Gns protein, several cold shock proteins, translation initiation factor IF-1, DNA-binding proteins HUalpha and -beta and H-NS, a probable 54 modulation protein, the 10-kDa chaperonin CH10, integration host factor subunit beta, glutaredoxin-1, inorganic pyrophosphatase, and several uncharacterized proteins. Several low-intensity peaks and some peaks with high intensities could not be assigned. This could have been due to unknown posttranslational modifications or proteolytic cleavage of signal peptides.
Designation of GIBIs based on MALDI-TOF MS analysis.
Ions that were reproducibly detected in both Salmonella spp. (S. enterica and S. bongori) were designated genus-identifying biomarker ions (GIBIs). Table S2 lists 57 peaks (including doubly charged proteins) that were present in all Salmonella spectra (category I) and were selected as biomarkers to unequivocally discriminate Salmonella spp. from other bacterial genera (see the supplemental material). Forty-five of these peaks were related to ribosomal proteins from the large and small subunits. Other GIBIs corresponded to a carbon storage regulator (CsrA; 6,857 Da), a cold shock protein (CspC; 7,272 Da), translation initiation factor IF-1 (8,119 Da), a 10-kDa chaperonin (CH10; 10,188 Da), DNA-binding protein H-NS (15,412 Da), and other unidentified proteins. A subset of genus-specific ribosomal proteins was used for internal calibration. All Salmonella strains had 29 peaks in common with E. coli, which originated from 12 identical ribosomal proteins, a carbon storage regulator, a cold shock protein, DNA-binding protein H-NS, RNA-binding translation initiation factor IF1, and two unidentified proteins.
Discrimination of S. bongori and S. enterica and designation of SIBIs based on MALDI-TOF MS analysis. MS analyses of multiple S. enterica and S. bongori strains revealed a high overall level of similarity of their whole-cell protein profiles, but a limited number of species-identifying biomarker ions (SIBIs) were reproducibly detected, resulting in clear discrimination of the two species based on comparison of their fingerprint patterns (Fig. 3) . The designations of SIBIs are shown in Table S2 in the supplemental material (category II). Twenty-seven S. bongori-specific peaks that were present in the spectra of all S. bongori strains but were not present in the spectrum of any of the S. enterica strains analyzed were detected, while 14 peaks were present in the spectra of all S. enterica strains but not in S. bongori spectra. The Salmonella species comparative sequencing BLAST server (Sanger Institute, United Kingdom) was used to compare protein sequences of the S. bongori and S. Table 2 (category III). While most of the GIBIs and SIBIs were related to ribosomal proteins, most of the SSIBIs were tentatively assigned to other proteins or were not identified, indicating that a classification based solely on the ribosomal protein subset is not sufficient for differentiation of very closely related microorganisms. Protein assignment was assisted by cross-comparison of protein sequences identified by TagIdent mass searches using protein-versus-translated DNA BLAST searches in genome databases for S. enterica subsp. arizonae and S. enterica subsp. enterica strains. Comprehensive annotation of the identified biomarkers should be possible after completion of genome projects for the other S. enterica subspecies and/or structural analysis of posttranslational modifications possibly occurring in the unidentified proteins. The peaks specific for S. enterica subsp. enterica included, in addition to several unidentified protein peaks, peaks for ribosomal proteins L25 (m/z 10,542), L7/L12 (m/z 12,183), and L17 (m/z 14,395), a ribosome modulation factor (m/z 6,572), cold shocklike protein CspH (m/z 7,662), glutaredoxin-1 (m/z 9,924), and the putative uncharacterized protein YigF (m/z 13,445). S.
FIG. 2.
Overlay of MALDI mass spectra for strains of S. bongori (group V) (red), S. enterica subsp. enterica (subspecies I) (gray), S. enterica subsp. salamae (subspecies II) (green), S. enterica subsp. arizonae (subspecies IIIa) (dark blue), S. enterica subsp. diarizonae (subspecies IIIb) (yellow), S. enterica subsp. houtenae (subspecies IV) (black), and S. enterica subsp. indica (subspecies VI) (light blue). The graph shows protein peaks in the molecular mass region from 13,230 to 15,270 Da. Assigned ribosomal proteins and peak specificities are indicated as follows: g genus specific; s, species specific; subspecies numbers, subspecies specific. on February 28, 2013 by PENN STATE UNIV http://aem.asm.org/ enterica subsp. arizonae could be unequivocally identified by the presence of a peak at m/z 13,352 corresponding to ribosomal protein RL20, which has a T3S amino acid change compared to all other S. enterica subspecies (m/z 13,366).
Other tentatively assigned S. enterica subsp. arizonae-specific biomarkers were assigned to protein Gns (m/z 6,479), the RNA chaperone CspE (m/z 7,333), integration host factor subunit beta (m/z 10,608), a probable 54 modulation protein (m/z 10,884), and ribosomal proteins L25 (m/z 5,270), L7/L12 (m/z 12,283), S13 (m/z 13,045), L20 (m/z 13,352), putative modified S11 (m/z 13,729), and S8 (m/z 13,897).
Phylogenetic classification of Salmonella spp. Dendrograms were constructed based on MALDI-TOF MS biomarker profiles (with a binary table extracted from Table S2 in the supplemental material) using the simple matching similarity coefficient and complete linkage (Fig. 4) . Category IV biomarker ions, which were present in more than one subspecies, were also included in this analysis. The topology obtained using MALDI-TOF MS profiling strongly resembled the topologies of dendrograms constructed using combined coding sequences of several housekeeping genes and invasion genes (3, 4, 23) and therefore may indicate the evolutionary relationships of the subspecies of S. enterica. In agreement with evidence obtained from genomic DNA hybridization (19, 21) and multiple gene sequence analyses, MALDI-TOF MS protein profiling indicated that group V (S. bongori) is the most divergent taxon in the salmonellae. S. enterica is subdivided into six subspecies. Subspecies I (S. enterica subsp. enterica), II (S. enterica subsp. salamae), IIIb (S. enterica subsp. diarizonae), and VI (S. enterica subsp. indica), which are predominantly diphasic in terms (35, 40) .
DISCUSSION
Microbial species identification by whole-cell MALDI-TOF MS is generally achieved by comparison of experimental mass data for a set of intact protein ions desorbed from whole bacterial cells with a database of reference spectra (fingerprint-based approach). In mass spectra obtained using whole cells, typically up to 30 constant peaks are detected, predominantly in the molecular mass range from 4,000 to 13,000 Da (11, 18, 42) ; this number of peaks has been shown to be sufficient for bacterial identification at the genus and species levels for many food-borne or clinically relevant bacterial pathogens, such as E. coli, Campylobacter, Salmonella, Pseudomonas, Yersinia, and Listeria (6, 23, 27, 28, 44) , as well as environmental isolates (10, 31) . Fingerprint-based approaches for subtyping bacteria at levels below the species level tend to be less useful than approaches used for species identification, primarily because of the high overall similarity of MS fingerprints within species and the difficulty of reproducibly detecting sufficient numbers of biomarkers with specificities below species-level specificity (22, 32, 42) . In order to differentiate bacteria at levels below the species level, spectra with a high number of reproducible protein peaks were required. The information content of the mass spectra obtained in this study was substantially increased, especially for molecular masses greater than 13,000 Da, compared to the information obtained in previous MALDI-TOF MS studies performed for species identification (26, 27, 31, 42) . Typically, more than 300 peaks, mainly between 2,000 and 25,000 Da, were detected, and even at molecular masses of greater than 35 kDa, subspecies-specific protein peaks were detectable (see Fig. S3 in the supplemental material). Due to the clonality of the genus Salmonella and the intrasubspecies variability of the protein profiles, simple clustering of mass data from bacterial fingerprints initially did not result in clear discrimination of the strains at the subspecies level. Therefore, a bioinformatics-based approach that was recently proposed by Teramoto et al. (39) was used. MALDI-TOF MS profiles of whole bacterial cells have been proposed to be generally dominated by abundant, cytosolic proteins that are highly basic, a feature that is known to result in efficient ionization in the MALDI process (28, 30) . Proteins that fulfill these criteria in particular include ribosomal proteins, proteins involved in DNA or RNA binding in general, and other abundant proteins, most of which have high isoelectric points. Indeed, most of the pI values calculated for the tentatively assigned proteins detected in this study were greater than 9. This was true not only for the subset of ribosomal proteins but also for many other observed proteins, like cold shock-like protein CspH, translation initiation factor IF-1 (pI 9.23), DNA-binding proteins HU-alpha and -beta (pI 9.69 and 9.57), the ribosome modulation factor (pI 10.56), and integration host factors A and B (both pI 9.34). In many cases detected proteins with lower pI values were known to be very abundant proteins; these proteins included the nucleoid-associated protein H-NS (pI 5.32), the RNA chaperone CspE (pI 8.08), glutaredoxin-1 (pI 5.63), and the phosphocarrier protein HPr (pI 5.6). The bacterial ribosome consists of more than 50 ribosomal "housekeeping" proteins, and sequence variations that occur at the subspecies level should enable phylogenetic classification based on mass data for multiple protein biomarkers. The key to Salmonella subtyping was establishment of an optimized sample preparation and MALDI measurement procedure, with which almost all of the expected mass peaks for ribosomal subunit proteins could be detected together with a high number of other peaks that could be tentatively assigned to known proteins or left unidentified, probably due to unknown post- table extracted from Table S2 in the supplemental material using the simple matching similarity coefficient and complete linkage (BioNumerics 5.1). (2, 43) . By identifying and selecting biomarker subsets specific at different taxonomic levels, a sufficient number of SSIBIs were identified so that salmonellae could be subtyped at a level below the species level. This bioinformatics-based approach for phylogenetic classification of bacterial strains uses selected biomarkers that can be identified by comparing experimental mass data to translated gene databases mainly for microorganisms whose genomes have been sequenced (28, 39) . The principle is similar to the multilocus enzyme electrophoresis (4) principle and the multilocus sequence typing (24, 37) principle, which is based on a combination of several sequence types for multiple housekeeping genes. Whereas fingerprint-based approaches require collection of MS fingerprint data, bioinformatics-based approaches benefit from the exponentially increasing number of publicly available sequenced microbial genomes. Therefore, they are less dependent on experimental and biological factors that influence the spectra, and results obtained in different laboratories can be compared more easily. Moreover, compared to DNA sequence-based approaches that require gel electrophoresis or DNA sequencing, the sample preparation and measurement procedures are much simpler and faster. Automated measurement combined with computer-aided evaluation of the data allowed very rapid identification with high throughput capabilities. Unlike fingerprint-based approaches, whose results generally do not reflect phylogenetic relationships, MS typing of multiple housekeeping proteins can also be used to probe the evolutionary history of related bacteria, since the proteomics-based method is based on detection of genetic variation, which means accumulating nonsynonymous point mutations at multiple housekeeping loci. The genus Salmonella forms a single DNA homology group comprising seven subgroups and more than 2,500 serovars. The data clearly separated the S. bongori and S. enterica subgroups (Fig. 2 ) and supported evidence from other studies that strongly differentiated the group V strains from all other salmonellae (4, 29, 35, 36) . The next two most divergent subgroups were S. enterica subsp. arizonae and S. enterica subsp. houtenae, which is in agreement with the comparative analysis of the combined coding sequences of five housekeeping genes and seven invasion genes (4), the sequence comparison of 23S rRNA (7), and amplified fragment length polymorphism analyses (34, 40) . Diphasic subspecies I, II, IIIb, and VI were placed in a discrete branch of the dendrogram and were separated from the predominantly monophasic (sub)species. The major advantages of MALDI-TOF MS-based bacterial typing compared to other typing methods are the ease and speed of the procedure and the possibility of automation and high-throughput analysis. This study used a true "whole-cell" procedure with minimal sample preparation that consisted of transferring subcolony amounts of bacterial biomass grown on agar plates directly to a MALDI sample plate, followed by on-target extraction of proteins. An automated measurement method was used, which allowed analysis of one sample in less than 2 min on a 384-well sample plate. Using the SARAMIS software, automated computer-aided identification of salmonellae was achieved by comparing mass spectra for individual samples, including samples of strains whose genomes have not been sequenced, with a reference database of superspectra containing peak lists weighted according to their specificities at the different taxonomic levels. Alternatively, artificial superspectra composed of mass lists calculated from sequences of protein biomarkers can be used as reference spectra for microorganisms whose genomes have been sequenced. It is expected that the bioinformatics-approach will be especially advantageous compared to fingerprint-based approaches for discrimination and identification of very closely related microorganisms as bacterial subspecies, strains, or serovars. The cost of consumables is minimal, and the whole process takes less than 5 min.
